The paper presents the main goals and achievements of the SmartGrids ERA-NET project named "Efficient Identification of Opportunities for Distributed Generation Based on the Smart Grid Technology (SmartGen)" during two years of project realization in Latvia.
projects. Appropriate, intelligent use of the Smart Grid Technology (SGT) can mitigate these barriers and postpone the reinforcement of the grid, but neither efficient methods nor a legal framework for applying these measures exist today.
Detailed models for the basic SGT are missing and as a result, decision makers and stakeholders rely on traditional grid models. SGT-models are necessary to investigate grid capacity and grid connection opportunities for next generation DG and LM projects.
Finding the optimal connection point for renewable DG projects can be complex. There are often a number of DG opportunities in the same region, both in size and location, which influence the solution for grid connection for a specific project. The current identification process is time consuming for project developers, system operators, regulators and other actors involved in the process from the project idea to the licence for construction.
Identifying grid capacity and grid connection points for DG or LM projects is currently done separately by project developers and system operators. This work can be done more efficiently by introducing a planning tool which describes the socioeconomic value for all parties involved.
To study the problems, the SmartGrids ERA-NET project named "Efficient Identification of Opportunities for Distributed Generation Based on Smart Grid Technology (SmartGen)" was launched at the end of 2010, involving participants from 4 European countries -the Institute of Physical Energetics (IPE) (Latvia), Balslev Consulting Engineers (Denmark), Bacher Energy Ltd (Switzerland) (together with 3 other Swiss partners) and Sweco Norge (Norway).
The overall main objective of the SmartGen Project is to facilitate the complex technical, societal, environmental and financial processes of real-world DG and LM projects by enabling a more efficient detection of possible and best connection points and identifying opportunities which minimize the extension of existing grids based on SGT. More detailed information on the project can be found in [1] .
IPE concentrated on development of a small scale hydro power plant (HPP) operation model. The developed model consists of the operation (generation) optimization module and transient process simulation module. The model is capable of modelling various generation and load interaction scenarios. Further there is given a description of the developed model and results of the performed case study.
MOdel descrIptIOn
The model developed by IPE represents a small scale HPP. As it was aforementioned, it consists of two modules. Further there is given a description of the modules.
Operation optimization module
The operation optimization module was created to bring out the optimal generation curve of small HPPs and it consists of 3 logical sections: information input section; simulation and optimization section and optimal curve output section.
The first section asks for information input about the HPP, electrical network, energy price and load curves, and also specific information needed for the optimization process of the 2nd section.
In the second section of the model an optimal generation curve is formed using dynamic programming [2] [3] [4] . Dynamic programming is used to find the optimal position of floodgate's door for each time period of a day that in its turn represents generation output of HPP in a particular time period. Restrictions defined by the allowed voltage level of the network are also checked in this section. The optimal position of floodgate's door for each time period is defined by the maximum profit of HPP's owner gained during one day.
The third section gives such generation curve of a small HPP that, on the one hand, satisfies all network and HPP exploitation restrictions, but, on the other hand, it gives the maximum profit for the HPP owner.
Changing input information about loads and water increase in the water reservoir, the model can be used to find out an optimal generation curve for different seasons of a year. Usage of dynamic programming allows finding the optimal HPP generation curve from the losses minimization point of view by changing the optimization function. The developed model takes into account changes in generated power depending on difference in water levels, that is important because there can be such working states when HPP generates energy with a fully opened water gate for more than one hour. In this case at each next hour there will be produced less energy using the same amount of water.
Information input section

Simulation and optimization section
The simulation section performs network simulation and uses data about the network from the information input section. For simulation the Newton-Raphson method is used. In the simulation section admittance matrixes for branches (lines and transformers) and information about voltages in nodes are created. This is followed by the iteration process till allowable voltage unbalance reaches the pre-defined value. When the iteration process ends, we get information about voltages in nodes, current in lines, power flows and power losses. Figure 2 illustrates the simulation section.
The optimization module finds the optimal position of HPP floodgate's door for each working period. These optimal positions (from possible positions of the door) ensure the maximum profit for the HPP owner while operating in liberalized market conditions -in situation when prices of electrical energy for the next day are determined by the stock exchange price. To get the maximum profit (income) the following efficiency function is used:
, (1) where h is 24 hours; Optimization is performed taking into account the following constraints: (2) where H min is the minimal allowed water level [m] ; H max is the maximal allowed water level [m] .
Optimization also takes into account voltage levels in the nodes. In case if after HPP start voltage in nodes is higher than mentioned in the standard LVS EN 50160 [5] , the optimization module decreases the power of HPP at the hour with high voltage.
In liberalized electricity market situations HPP should work with possibly higher water level in the reservoir that in its turn will ensure the highest efficiency of water usage. In such situation it is more economical to use Kaplan turbines in such HPPs. The Kaplan turbine has adjustable runner blades that ensure operation with constant efficiency even when water level in the reservoir is changing.
For optimization it is assumed that operation of HPP will start at time 00:00 of the next day. At the start moment of HPP the level of water in the reservoir is at some level H beginning and lies between minimal and maximal allowed water levels of the reservoir. Making optimization it is assumed that during one day HPP should use the amount of water that is exactly the same as flows in the water reservoir.
At the beginning of the optimization process, all possible water levels should be calculated. The process starts with the water level -H beginning . In case if the floodgate has only 3 possible states: 1) fully opened; 2) half opened and 3) closed, water level at the next hour can have 3 values. Each of the 3 possible water level positions of the second hour will give us 3 new positions in the third hour. In an ideal case some of the positions will be the same and in such a way it is possible to have economy of computer memory. But in common, at the 3rd hour there can be up to 9 different states of water level. In such manner we should make calculations for all 24 hours of a day ( Fig. 3 (a) ).
After all water level positions are found, we should delete all useless water levels -such levels, that exceed minimal or maximal allowed values or, for 24th hour, do not have the same value as the beginning value of water level. This process is illustrated by Fig. 3 (b) . Water level states painted in red are deleted.
The second stage of the dynamic optimization process uses the so-called "backward calculation". It starts from the 23rd hour and goes to the first hour. At every stage (hour) profit from water level changes is evaluated and the way of the maximum profit is selected. Figure 4 (a) gives an example -at the 23rd hour (corresponds to 24th water level because H beginning is assumed to be the 1st water level) every water level (1, 2 and 3) has the only possibility of water change because there is only one water level at the 24th hour. So, water level change from position 1, 2 or 3 of 23rd hour to position 1 of 24th hour is the optimal water level change for each of positions:
After getting information for 23rd hour we go to 22nd hour. At this hour water level positions 2, 3 and 4 have different possibilities for water level change because they can go to the 1st, 2nd or 3rd position of the 23rd hour. After making calculations we can compare the results for the levels of water of 22nd hour and choose the corresponding water level change for each water level with the maximum profit.
In Fig. 4 (a) the best option for the 2nd level of water of 22nd hour is to go to 1st water level of 23rd hour (green line).
In a similar way all the best ways of water level changes are calculated till we reach the first hour. When reaching the first hour program should start selection process of the best possible way of water level change (moving forward). It starts from the 1st hour and goes till the last hour. The best water level change selection is illustrated in Fig. 4 (b) .
To calculate power given to the grid by HPP there can be used the following equation: To calculate the maximal amount of water that can go through the HPP we used HPP's nominal data η, H and P in such a way that from the previously mentioned equation it was possible to express Q that corresponds to the maximal power of HPP.
Optimal operation schedule output section
This section gives the result -an optimal generation curve for a small hydro power plant. Taking into account that optimization uses water level changes in its optimization, the model is capable to show not only an optimal generation curve but also changes of water level in the reservoir, states of the floodgate (water gate), money earned at every hour. In addition to the aforementioned, the module allows to see technical parameters -voltages and currents of the steady state of the network -when HPP is already in operation.
Transient process simulation module
This section gives a description of the transient process simulation module developed by IPE for a small HPP impact assessment for the load-generator interaction scenario, which will then be used in the model tests (case study) on the basis of a real example. To assess the impact of a new generator connection to the existing network, taking into account technical limitations as thermal limitations (according to the maximal allowed current) of power lines and values of voltages in nodes of the network, an electric model of a small scale HPP was created (flowchart in Fig. 5) , which simulates the transient process of the asynchronous machine.
Various models related to the field of transient processes appearing in an electrical machine itself have been developed with different objectives and methodologies, these are reviewed in [6, 7] . But in the model presented at this paper authors look at transient processes in the After information on the grid and generator is entered, calculation can be performed.
Simulation section
Simulations begin with the step "zero" -when HPP is not connected to the grid. When the simulation for the step "zero" has been performed, we received an initial state of the grid with known values of power flows, voltage levels in nodes as well as losses in power lines.
At the next time step "t = t + step", the generator is connected to the network. Using data of the grid from the initial state (t = 0), differential equations, that describe the electrical machine, should be solved. As a result, we receive the active and reactive power that is produced and consumed by the generator as well as currents of the generator. These results are then put in grid power flow calculations and the calculation process is repeated. The calculation interval "step" is chosen small enough to see dynamics of transient processes.
Calculations are being performed for such time period that is big enough for the transient process.
The electrical machine used in the transient process simulation module is assumed as an idealized electrical machine and calculations are made using the per unit system in the dq coordinate system. The used idealized machine, usage of the per unit system, as well as equations, that have been created and used for evaluation of transient processes, are being described further.
Idealized electrical machine
Identification of all mathematical relationships is practically impossible so the solution is in approximation of the number of factors. It means that we set aside the socalled second level factors, whose impact on the transient process is not important.
The differences between the idealized and the real machine [8] [9] [10] [11] [12] :
• The magnetic circuit is not saturated; • Hysteresis phenomena and losses of the steel are not taken into account; • Distribution of magnetization forces is assumed to be sinusoidal, higher harmonics are not taken into account; • Leakage inductive impedance is assumed to be independent from the rotor position. 
Asynchronous machine equations in relative values
Asynchronous machine equations in dq coordinate system in relative values
The induction motor unit can be operated in the generator or the motor mode. The operation mode is determined by the mechanical shaft torque:
If M sl has a positive value, then machine works in the motor mode;
If M sl has a negative value, then machine works in the generator mode.
The electrical part of the machine is described by a fourth-order differential equation, but the mechanical part is described by second-order differential equations. All electrical parameters are reduced to the stator side. Stator and rotor values are presented as the two-axis system -dq coordinate system (Fig. 6) . Following subindexes are used in Fig. 6 For description of asynchronous machine, the system of following differential equations has been used: 
If a squirrel-cage rotor is used (U' rd = 0, U' rq = 0) and ω = ω sinhr. = 1 (U sd = U GRID , U sq = 0), machine's differential equations look as shown in (7) [9]. .
To solve equations (7), the fourth-order Runge-Kutta method was used.
cAse study
A case study was performed in the Matlab environment. The case study used information about a real small scale HPP located in Latvia near Dobele city -Annenieku HPP [14] . Information about the HPP is given in Table. Information about the distribution network around the HPP was provided by Latvian DSO -JSC "Sadales tīkls".
A more detailed information on the asynchronous generator and the network, as well as other information used in calculations, is given further.
Description of the case study
The aim of the case study was to test the model and to show its ability to perform HPP's operation optimization and give information on transient processes occurring due to start of HPP generation.
For model testing purposes, an asynchronous motor / generator with a squirrel-caged rotor has been chosen, with the parameters as follows:
It is known that the optimal operation of HPP and, respectively, the number of starts and stops during a day depend not only on some parameters mentioned in Table, but also on electricity price fluctuations and water inflow.
Information about daily water inflow to the HPP's water reservoir is available from data bases of the state limited liability company "Latvian Environment, Geology and Meteorology Centre" [15] . An example of daily water inflow changes for a year is given in Fig. 7 . An average water inflow during a year for HPP is also available in [14] .
Information about electricity price for the next day in Latvia can be found at Nord Pool Spot web page [16] . Figure 8 gives illustration of electricity price changes during 24-hour period for the Latvian price zone of Nord Pool Spot that has been used for calculations.
The distribution network scheme used for calculations is given in Fig. 9 . To make calculations more realistic, for each load point (L1...L66) in calculations there were used typical load diagrams of different types of customers, e. g. households, hospitals, commercial institutions, etc. White circles on the feeders represent closed disconnectors. Red circles on the feeders represent opened disconnectors. The hydro power plant is connected to the distribution point DP-2 (marked with a green square).
Making simulation we assumed that water level at the beginning of the simulation process was at 8 meter level.
Calculations have been performed for HPP connection with synchronization.
Modelling of load-generation interaction has been done in the Matlab environment. Figures 10, 11 and 12 represent the results of calculations obtained in the operation optimization module.
Results of the case study
In Fig. 10 we can see an optimal state of the floodgate (opening degree in percent) for every hour of a day (24 hours) as well as power of HPP during each hour. Here attention should be paid to the fact that in spite of constant opening percentage of the water gate the power of HPP changes (decreases). It can be explained by water level changes in the water reservoir during production and the result -lower pressure to the turbine that causes decrease of power. Figure 5 gives a view of water level fluctuations in the water reservoir of the HPP.
As we can see from Figs. 10 and 11, HPP works at the times of the maximum electricity price, and water level does not exceed minimal and maximal water level thresholds. It means that the developed algorithm for optimization of HPP generation works well.
Calculations performed in the operation optimization module allow evaluating voltage changes in nodes in the stable operation mode after the generator has been connected to the network. Figure 12 illustrates changes of The results represent the case of asynchronous ge nerator connection to the grid with synchronization (M sl < 0 -generator mode (M sl = -1 512 N · m), slip = -0.025). This connection technique is usually used in real life, especially for generators with big power. Before connection to the grid, water gate doors of HPP are opened and water pushes blades that in their turn make the rotor to rotate. At the moment when rotation of the asynchronous machine exceeds network's frequency value by 2.5-5%, synchronization of the machine begins and it is connected to the grid.
In case of connection with synchronization (slip value -0.025), oscillations of electrical parameters in the grid appear for the time period 0.15 second, that is small enough for not operating of relay protection. Moreover, voltage level drop during starts does not exceed the allowed level defined in the standard EN50160 "Voltage Characteristics of Electricity Supplied by Public Electricity Networks".
Calculations shown in the paper give an idea of possible model usage in real life. The aforementioned results show if the potentially planned HPP could be connected to the exact place in the network. Simulations of different regimes with different electricity prices, water inflows as well as load in nodes can be performed before making investments in the construction of a new power plant. By this can be identified if the HPP can operate with or without a negative effect on the network and in case of the negative effect simulations can help to answer the question how the potential negative effect can be mitigated. This, in its turn, will allow the personal of DSO to make the decision on possibility of generator connection to some node in the network, as well as decide on the maximal allowed power of generator.
cOnclusIOns
The model for distributed generation operation optimization and assessment of the impact on the distribution network was developed. The model includes the module for finding an optimal HPP generation plan for 24-hour period that allows one to simulate generation of HPP with high precision using real life conditions -under electrical energy price and water inflow uncertainty. The developed module allows forecasting power flows in the distribution network where HPP is installed. The second module of the model has been developed for full scale calculations of transient processes. The model allows one to see values of currents and voltages occurring during transient processes at a very short time frame after generator start -0-0.3 seconds. Both modules together offer a tool for extensive evaluation and planning of HPP projects from the technical and economical side.
The model presented in the paper has significant value for distribution system operators as it can be used for coordination of HPP development and relay protection devices installed in the grid. The significance of the model for DSOs is also described by the possibility to use results of the model for evaluation of HPP effect on power quality parameters in the grid as DSO is responsible for major power quality parameters. At the moment Latvian DSO is not capable to make measurements of voltage and current changes in such a small time interval (0-0.2 seconds) with high precision as it is very complicated. The reason is that Latvian DSO is interested in the developed model as it allows evaluating the effect of the generator on network. The model is also important for developers of projects of small scale HPPs as well as it allows evaluating the effect of HPP connection on the grid before making investments in HPP construction. In case of construction of a new HPP and having different connection options, the developed model allows to choose the best location for construction of a power plant as it can help to choose such place in the grid that needs no or needs less investments to the grid in comparison to other possible locations. In case of reconstruction of the existing power plant (by improvement of generation capacities) or having plans to operate in the power market, the developed model makes it possible to evaluate further impact of HPP to the grid and identify the need for network improvement. So, it allows both DSO and the HPP owner to evaluate possibilities for improvement and plan their investments.
Taking into account that the developed models have been created in the Matlab environment, they can be used by a wide number of professionals and the models have almost unlimited opportunities for improvement and development of functionality. For example, the models can be accomplished with a separate module for evaluation of HPP operation on relay protection of the grid. 
